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2. Turing
Turing 1 (CTM)
. (configuration) $q$ , $T$ ,
$x$ . $n$ , $n$
$T(n)$ . $C$ CTM , $C$ , ,
$q_{C}$ , $\tau_{c}$ , $x_{C}$ $T_{C}^{\tau}$ $x_{C}$
\tau $\tau_{c}$ . CTM
$\delta(p, \sigma)=(q, \tau, d)$ , $p$ , $\sigma$
, $\tau$ , $q$ , $d$ ,
1 . , $d\in\{0, \pm 1\}$ $d=1(-1)$ ( ) 1 ,
$d=0$ . $\delta(qc, T_{C}(xc))=(q, \tau, d)$ $C=(q_{C}, Tc, xc)$
$(q, T_{C}^{\tau}, x_{C}+d)$ .
CTM . , $n,$ $m(n<m)$
$[n, m]_{\mathrm{Z}}$ $\{n, n+1, \ldots, m-1, m\}$ . , $q0$ $q_{f}$
$q0$ , $q_{j}$ . , $B$
. $\Sigma$ $T$ , $i\in \mathrm{Z}$ $T(i)=B$
$\mathrm{Z}$ $\Sigma$ .
$T(i)=\sigma_{i}(i\in[0, k-1]_{\mathrm{Z}})$ , $B$ (otherwise)
, $T$ $k$ \Sigma - ( $\Sigma\backslash \{B\}$ ) $\sigma_{0}\cdots\sigma_{k-1}$ 1 1 ,
$T\sim x$ $T$ $k$ . $\Sigma$ $\Sigma\#$
. Turing , $Q$ $\Sigma$ $(Q, \Sigma)$ Turing
$(Q, \Sigma)$ , $C(Q)\Sigma)=Q\cross\Sigma\#\mathrm{x}\mathrm{Z}$ , $C=$ ( $qc$ , Th $xc$ ) $(Q, \Sigma)$
. , , $\tau_{c}$ ,
$x_{C}$ . $(Q, \Sigma)$ $C=(qc, Tc, xc)$ $T_{C}^{\tau}$
.
$T_{C}^{\tau}(n)=T_{C}(n)(n\neq x_{C})$ , $\tau(n=x_{C})$
$(Q, \Sigma)$ $Q\cross\Sigma$ $Q\cross\Sigma\cross[-1,1]_{\mathrm{Z}}$ Turing Turing
$(Q, \Sigma)$ $(Q, \Sigma)$ $\delta$ 3 M. $=(Q, \Sigma, \delta)$ .
$M=(Q, \Sigma, \delta)$ CTM . $Q$ $M$ , $\Sigma$ $M$ , $\delta$
$M$ , $(Q, \Sigma)$ $M$ . $M$ $q_{C}=q0,$ $x_{C}=0$
$C$ . $T$ , $T_{in}$ $M$ ,
( , ) $\{C(n)|n\in I\})I=\{0,1, \ldots, N\}$ $I=\{0,1, \ldots\}$
.
(1) $C(\mathrm{O})$ (o) $=T_{in}$ .
(2) $C(n+1)$ $C(n)$ $\delta$ : $\delta qc(n)$ , $T_{C(n)}(x_{C(n)}))=(q)\tau,$ $d)$
$C(n+1)=(q, T_{C(n)}^{\tau}, x_{C(n)}+d)$ .
\Sigma - $x$ $T_{in}$ $\sim x$ , $x$ $M$ . $\{C(n)|n\in I\}$ $q_{C(n)}=q_{f}$
$n$ $T_{C(m)}=T_{out},$ $m= \min\{n\in I|q_{C(n)}=q_{f}\}$ , $T_{out}$
1 , Turing .
.
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. $T_{out}\sim y$ , $M$ \Sigma - $y$ . $m$ $T_{in}$
$M$ . $n\in \mathrm{N}$ , $n$ $M$ $t(n)$
, $M$ $t(n)$ CTM , $t$ , CTM .
CTM $M$ $\Sigma_{1}\cross\cdots\cross\Sigma_{k}$ , $M$ $k$ CTM .
$M$ $k$ . $\Sigma_{i}$
$i$ . , $i$ $T(j)=(Tr_{1}(j), \ldots, Tr_{k}(j))$
$Tr_{i}$ . $i$ . $T=(Tr_{1}, \ldots, Tr_{k})$
. $x$ $n$ \Sigma 1- . 1 $x$ $M$ ,
$(x, B^{n}, \ldots, B^{n})$ $M$ . , $x$ $M$ , $M$
$i$
$x$ . $x_{1},$
$\ldots,$ $x_{j}$ n \Sigma -
, $x_{1}B^{n_{1}},$
$\ldots,$
$x_{j}B^{n_{\mathrm{j}}}$ , $n$ $\Sigma$- .
, $T\sim(x_{1}B^{n_{1}}, \ldots, x_{j}B^{n_{\mathrm{j}}}, B^{n}, \ldots, B^{n})$ $T\sim(x_{1)}\ldots, x_{j})$ .
3. Turing
Turing (QTM) CTM . , CTM
1 1 Hilbert .
CTM $C$ , $|C\rangle$ $=|qc$ , $\tau_{c}$ , $xc$ ) . QTM
, 1 $U$
. , $\delta(p)\sigma,$ $q,$ $\tau,$ $d)=c$ , $\delta(p, \sigma)=(q)\tau,$ $d)$
$c$ . $U$ ,
$U|qc,$ $Tc,$
$x_{C} \rangle=\sum_{q,\tau,d}\delta(qc, T_{C}(x_{C}),$
$q,$ $\tau,$ $d)|q,$ $T_{C}^{\tau},$ $xc+d)$
. QTM .
$(Q, \Sigma)$ Turing . $(Q, \Sigma)$ , $C(Q, \Sigma)$
Hilbert $\mathcal{H}(Q, \Sigma)$ . $C(Q)\Sigma)$ 1 1 $\{|q_{C}, T_{C}, x_{C}\rangle|(q_{C}, T_{C}, x_{C})\in C(Q, \Sigma)\}$
$\mathcal{H}(Q, \Sigma)$ . $\mathcal{H}(Q, \Sigma)$ $\sum_{C\in C(Q,\Sigma)}|f(C)|^{2}<\infty$
$C(Q, \Sigma)$ ; , $f,$ $g\in \mathcal{H}(Q, \Sigma)$ ,
$(f|g)= \sum_{C\in C(Q,\Sigma)}f(C)^{*}g(C)$ , $|qc,$ $Tc,$ $xc\rangle$ $\delta_{C}(C’)=1$ if
$C’=C,$ $\delta_{C}(C’)=0$ otherwise, \mbox{\boldmath $\delta$}c – . $(Q, \Sigma)$ $C$
, $Q\cross\Sigma\cross Q\cross\Sigma\cross[-1,1]_{\mathrm{Z}}$ $\mathrm{C}$ . Turing ( QTM) ,
Turing $(Q, \Sigma)$ $(Q, \Sigma)$ $\mathrm{C}$ 3 $M=(Q, \Sigma, \delta)$
.
$M=(Q, \Sigma, \delta)$ QTM . $Q$ $M$ , $\Sigma$ $M$ ,
$\delta$ $M$ , $(Q, \Sigma)$ $M$ , (Q, $\Sigma$ ) $M$ . $M$
,
$M_{\delta}= \sum_{q\in Q,\tau\in\Sigma,d\in[-1,1]_{\mathrm{Z}},C\in C(Q,\Sigma)}\delta(q_{C}, T_{C}(x_{C}),$
$q)\tau,$ $d)|q,$ $T_{C}^{\tau},$ $x_{C}+d\rangle\langle qc,$ $T_{C)}x_{C}|$
$\mathcal{H}(Q, \Sigma)$ $M_{\delta}$ . $\sum_{q,\tau,d}$ $q$ $Q$ , $\tau$ $\Sigma$
, $d$ $[$-1, $1]_{\mathrm{Z}}$ .
QTM , Turing (QTM) .





(a) $(p. ’\sigma)\in Q\cross\Sigma$
$\sum_{q,\tau,d}|\delta(p, \sigma, q, \tau, d)|^{2}=1$
(b) $(p, \sigma),$ $(p’, \sigma’)\in Q\cross\Sigma$
$\sum_{q,\tau,d}\delta(p)\sigma,$
$q,$ $\tau,$ $d)\delta(p’, \sigma’, q, \tau, d)^{*}=0$
(c) $(p, \sigma, \tau),$ $(p’, \sigma’, \tau’)\in Q\cross\Sigma^{2}$
$\sum_{q}\delta(p, \sigma, q, \tau, -1.)\delta(p’, \sigma’, q, \tau’, 1)^{*}=0$
(d) $(p, \sigma, \tau),$ $(p’, \sigma’, \tau’)\in Q\cross\Sigma^{2}$
$\sum_{q,d=0,1}\delta(p, \sigma, q, \tau, d)\delta(p’, \sigma’, q, \tau’)d-1)^{*}=0$
4. Turing Turing.
QTM $M$ , $\{T_{1}, T_{2}, \ldots\}$ .
$\mathcal{I}(Q, \Sigma)$ $\mathrm{O}(Q, \Sigma)$ , $\{|q_{0)}T_{i}, 0\rangle\}$ $\{|q_{f}, T_{i}, 0\rangle\}$ $\mathcal{H}(Q, \Sigma)$
. $\mathcal{I}(Q, \Sigma)$ $O(Q, \Sigma)$ , , $\mathcal{I}(Q, \Sigma)$
, $O(Q, \Sigma)$ . $\psi$ , $M$ ,
$\psi,$ $M_{\delta}\psi,$ $M_{\delta}^{2}\psi,$
$\ldots$
$M$ Cb $M_{\delta}$ Turing
– $\tau$ . $M$ $M_{\delta}^{t}\psi$ $\psi$ $t$
$M$ .
QTM . $[6, 12]$ QTM
. , .
(I) $\hat{n}_{0}=|q_{j}\rangle\langle$ $q_{f}|\otimes I\otimes I$ , , .
(II) , QTM $q_{j}$ , QTM ,






(III) $\hat{n}_{0}$ 1 , QTM ,
.
Turing ,
, $\hat{n}_{0}$ 1 .
(4.1) QTM .
(4.1) QTM Turing (HQTM) . QTM
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– , Turing ,
, [12]
.
QTM QTM . $P$ $\hat{n}_{0}$ 1
, $S$ $x\in \mathrm{Z}$ $\hat{x}$ $0$ $I\otimes I\otimes|0\rangle$ $\langle 0|$
. $|C$ ) , $t$ , QTM $M=(Q, \Sigma, \delta)$
: $s<t$ ,
$||PM_{\delta}^{s}|C\rangle||^{2}=0,$ $\mathrm{B}^{\mathrm{a}}\supset||SPM_{\delta}^{t}|C\rangle||^{2}=1$ .
$t$ $|C\rangle$ , $M_{\delta}|C$), $\ldots$ , $M_{\delta}^{t}|C\rangle$ $|C\rangle$ QTM $M$
, $t$ . $|C\rangle$ $=|q_{0},$ $T_{in},$ $0$ ), $T_{in}\sim x$ $x$ $M$
. $\{x_{i}\}$ $\Sigma$- , $\phi$
$\phi=\sum_{i}\alpha_{i}|q_{0},$
$T_{i},$ $0\rangle$ $(T_{i}\sim x_{i})$




$\phi$ $M$ , $t$ , $M_{\delta}^{t}\phi$ . $n$
, $n$ $M$ $f(n)$ $M$ $f(n)$ QTM
, $f$ , QTM . $\hat{T}$ ,
$\hat{T}=\sum_{j=1}^{\infty}\lambda_{j}I\otimes|T_{j}\rangle\langle T_{j}|\otimes I$
. , $\{\lambda_{1)}\lambda_{2}, \ldots\}$ $\{T_{1}, T_{2}, \ldots\}$ 1 1
. $Q_{j}$ $\hat{T}$ $\lambda_{j}$ $I\otimes|T_{j}$ ) $\langle$ $T_{j}|\otimes I$ . $t$
$x$ $M$
$||Q_{j}M_{\delta}^{t}|q_{0},$ $T_{in},$ $0\rangle||^{2}=p$ , $T_{in}\sim x$
, $M$ $P$ , $T_{j}\sim y$ , $P$ \Sigma - $y$
.
. QTM . $k$ QTM $M=(Q,$ $\Sigma_{1}\cross$





, QTM $M$ HQTM , $t$ , $t$
$M$ , $M$




QTM $M=(Q, \Sigma, \delta)$ $\sigma\in\Sigma \text{ }\delta(q_{f}, \sigma, q_{0)}\sigma, 1)=1$ , $M$
. QTM 6 , QTM –
. , QTM SNQTM (stationary, normal
form quantum Turing machine ) .
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5. Turing Turing
QTM QTM . – CTM –
, Bennett [2] CTM CTM
. CTM , Turing (RTM) RTM $M=(Q, \Sigma, \delta)$
$C$ , $\delta$ ( $q_{C’},$ $T_{C’}$ (xc–d)) $=(qc, T_{C}(xc-d),$ $d)$ $C’$ $d$
1 CTM , , Deuscth [6] RTM
, $0$ 1 ,
RTM QTM – :. RTM $M=(Q, \Sigma, \delta)$ QTM $M’=(Q, \Sigma, \delta’)$
$(p, \sigma, q, \tau, d)\in Q\cross\Sigma\cross Q\cross\Sigma\cross[-1,1]_{\mathrm{Z}}$ $\delta’(p, \sigma, q, \tau, d)=1$ ,
$\delta(p, \sigma)=(q, \tau, d)$ , – . , $M’$ QTM RTM
. Bennett RTM $\mathrm{T}_{\mathrm{J}}\mathrm{r}\mathrm{i}\mathrm{n}\mathrm{g}$ , [4] 1 RTM
. , ( ) Turing , head
$d$ $\pm 1$ Turing , RTM RTM
. RTM SNRTM .
5.1 ( ) [4] $f$ : $\Sigma^{*}arrow\Sigma^{*}$ CTM , $x$
$|f(x)|$ $|x|$ , $x$ $(x, f(x))$ RTM
, $|x|$ . $f$ $f^{-1}$ CTM
$x$ $f(x)$ RTM ,
$|x|$ .
Turing- [3], [6] , QTM
. , QTM QTM . ,
Turing $M=(Q, \Sigma, \delta)$ QTM , 31 (a),(b),(c)
[3]. $\delta$ QTM , (c)
, – QTM [3]: $q\in Q$ $(p)\sigma,$ $\tau,$ $d),$ $(p’, \sigma’, \tau’, d’)\in Q\cross\Sigma^{2}\cross\{-1,1\}$
, $\delta(p, \sigma, q, \tau, d)$ $\delta(p’, \sigma’, q, \tau’, d’)$ $0$ $d=d’$ . – QTM ,
$q$
$d$ , $(p, \sigma)$ $(q, \tau)$
$\delta(p, \sigma, q, \tau, d)$ , $L_{\delta}$ . , QTM –
QTM [4].
52( ) $Q\cross\Sigma\cross Q\cross\Sigma\cross\{-1,1\}$ , 31 (a),(b),(c)
$\delta’$ , $\delta’$ $\delta’$ $\delta$ QTM
$M=(Q, \Sigma, \delta)$ .
QTM 1 . , QTM
.
, 31 (a),(b),(c) .
6. QTM
, 8 [4] . [4] .
QTM $M=(Q, \Sigma, \delta)$ $\Sigma’$ , 2 QTM
$M(\Sigma’)=(Q, \Sigma\cross\Sigma’, \delta’)$ , ( $M$ $\Sigma’$ )
: $(p, (\sigma, \sigma’), q, (\tau, \tau’))d)\in(Q\cross(\Sigma\cross\Sigma’))^{2}\cross[-1,1]_{\mathrm{Z}}$
$\delta’(p, (\sigma, \sigma’), q, (\tau, \tau’), d)=\delta(p, \sigma, q, \tau, d)$ , $(\sigma’=\tau’)$ , $0$ (otherwise)
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$k$ QTM $M=(Q, \Sigma_{1}\cross\cdots\cross\Sigma_{k}, \delta)$ $\pi$ : $[1, k]_{\mathrm{Z}}arrow[1,$ $k|\mathrm{z}$ , $k$
QTM $M’=(Q, \Sigma_{\pi(1)}\cross\cdot, . \mathrm{x}\Sigma_{\pi(k)}, \delta’)$ ( $M$ ) $\pi$
: $(p, (\sigma_{1}, \ldots, \sigma_{k}), q, (\tau_{1}, \ldots, \tau_{k}), d)\in(Q\cross(\Sigma_{\pi(1)}\cross\cdots\cross\Sigma_{\pi(k)}))^{2}\cross[-1,1]_{\mathrm{Z}}$ ,
$\delta’(p, (\sigma_{1}, \ldots, \sigma_{k}), q, (\tau_{1}, \ldots, \tau_{k}), d)\cdot=\delta(p, (\sigma_{\pi(1)}, \ldots, \sigma_{\pi(k)}), q, (\tau_{\pi(1)}, \ldots, \tau_{\pi(k)}), d)$.
QTM , ,
QTM , . 8 ,
, .
QTM .
6.1 ( ) $M_{1},$ $M_{2}$ , $M_{1}$ SNQTM $M_{1}$
, $M_{2}$ QTM M $M$ $M_{1}$ $M_{2}$
QTM .
. ( ) Turing
$-(\mathrm{o}\mathrm{b}\mathrm{l}\mathrm{i}\mathrm{v}\mathrm{i}\mathrm{o}\mathrm{u}\mathrm{s})$ Turing $M_{2}$ $M$ . $M$
, : $M_{1}$ $\sum_{i:\alpha}:\neq 0\alpha_{i}|q_{j},$ $T_{i)}0\rangle$ ,
$i$
$x_{i}$ $T_{i}\sim x_{i}$ , $M_{2}$ QTM .
.
6.2 ( ) $M_{1},$ $M_{2}$ SNQTM SNQTM $M$
“ 2 , $M$ 1 $M_{1}$ , $0$ 1 $M_{2}$
. 2 )’. $M$ QTM $M_{i}(i=1$
or 2) 4 .
6.3 ( ) SNRTM $M$ $c$ . “ $k$ 2
$M$ $O(k\log^{c}k)$ , .
$M$ $q^{*}$ $0$ $k$ ”.
. $q^{*}$ SNQTM $M’$ “ ” , , $M$ $q^{*}$ $M’$
, $M’$ $k$ SNQTM .
$M$ $M’$ SNQTM , $M’$ $M$
, $M$ $M’$ , $M’$ $M$ –
: $|C$) $|\phi\rangle$ $M$ $M’$
$|\phi\rangle$ $|C$) .
6.4 ( ) $M=(Q, \Sigma, \delta)$ – SNQTM ( RTM) , $M$
– SNQTM ( RTM) $M’$ , $M$ $t$ $M’$
$2:t+2$ .
7.
, $\iota’\mathrm{h}\{0,1\}$ , $\{0,1\}^{m}$ $m$ . $m$
$x=x_{1}\cdots x_{m}$ , $x_{i}$ $x$ $i$ . $m$ $n$ $G$ ,
$m$ $n$ . $G(x_{1}\cdots x_{m})=y_{1}\cdots y_{n}$ , $y_{1}\cdots y_{n}$
$x_{1}\cdots x_{m}$ $G$ . $G$ $G$ . $G$
$n$ , $G$ $n$ . $xy$ $x(x\oplus y)$




. , 2 .
2 . , $i=1,2,$ $\ldots$ ,
. , $j$ , – $\{|0\rangle_{j)}|1\rangle_{j}\}$
Hilbert $\mathcal{H}_{j}\cong \mathrm{C}^{2}$ . Hilbert $\mathcal{H}_{j}$ n^j $=|1\rangle_{j}\langle 1|_{j}$ $j$
. $\Lambda=$ { $j_{1},$ $\ldots$ , in} $(j_{1}<\cdots<j_{n})$ $n$ . $j\in\Lambda$ $n$
, Hilbert $\mathcal{H}_{\Lambda}=\otimes_{j\in\Lambda}\mathcal{H}_{j}$ Hilbert $\mathcal{H}_{\Lambda}$ , $n$
$\{0,1\}^{n}$ –
$\{|x_{1})_{j_{1}}\cdots|x_{n}\rangle_{j_{n}}|x_{1}\cdots x_{n}\in\{0,1\}^{n}\}$
A . , $|x_{1}\cdots x_{n}$ ) $=|x_{1}\rangle_{j_{1}}\cdots|x_{n}\rangle_{j_{n}}$ .
$1\otimes\cdots 1\otimes\hat{n}_{j_{k}}\otimes 1\cdots\otimes 1|x_{1}\cdots x_{k}\cdots x_{n}\rangle=x_{k}|x_{1}\cdots x_{k}\cdots x_{n})$
. $\mathcal{H}_{\Lambda}$ $n$ .
, $\{1, \ldots, n\}$ $\Lambda^{(n)}$ . $n$ , $n$
, $n$
. , A , Hilbert $\mathcal{H}_{\Lambda}$
Al . $\Lambda^{(n)}$. - , $n$ . A-
$\mathrm{S}$- . A- $G$ , $\mathcal{H}_{\Lambda}$ $\psi,$ $\phi$ $G\psi=\emptyset$
, $\phi$ $\psi$ $G$ . , $\psi=|x_{1}\cdots x_{n}\rangle$
, $x_{1}\cdots x_{n}$ $G$ .
$n$ $\mathrm{S}$- , 1 1 , $0$ $2^{n}\cross 2^{n}$
, $n$ – . , S-
.
$\Lambda^{(n)}$ $P$ . $n$ $|x_{1}\cdots x_{n}\rangle$ $|x_{P(1)}\cdots x_{P(n)}\rangle$ $\mathcal{H}_{\Lambda^{(n)}}$
$V_{P}$
$\Lambda^{(n)}$ . $m\leq n$ , $\Lambda^{(m)}$- $\vdash G$ , $\Lambda^{(n)}- \text{ }$
$G\otimes I_{\Lambda(n)\backslash \Lambda^{(\varpi)}}2$ $G$ ( $n$ ) $\text{ }\tilde{G}$ . $n$
$G$ $\mathcal{G}$ , ni $(\leq n)$ $G_{i}\in \mathcal{G}(i=1, \ldots, k)$
$\Lambda^{(n)}$
$V_{P}$, $(i=1, \ldots, k)$ ,
$G=U_{1}\cdots U_{m}^{\backslash }$ , $(U_{i}=V_{P}\dagger.\tilde{G}_{i}V_{P}\dot{.})$
, $G$ $\mathcal{G}$ $m$ .
$m$ $G$ $\mathcal{G}$ . $||G-U_{1}\cdots U_{m}||\leq\epsilon$ $G$ $\mathcal{G}$
\epsilon .
,
. $R_{1,\theta},$ $R_{2,\theta},$ $R_{3,\theta}$ S-
$R_{1,\theta}=$ , $R_{2,\theta}=$ , $R_{3,\theta}=$
2 A $I_{\Lambda}$ $\mathcal{H}_{\Lambda}=\otimes_{\lambda\in\Lambda}\mathcal{H}_{\lambda}$ .
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1 .
$\mathcal{G}_{u}=\{R_{1,\theta}, R_{2,\theta}, R_{3,\theta}, M_{2}(N)|\theta\in[0,2\pi]\}$
, [1] .
71 $n$ $G$ , $O(n^{3}2^{2n})$ –
.
$\mathcal{G}_{u}$ . , $\mathcal{G}_{u}$ u- .
. “ ’) . $x$
, $n\in \mathrm{N}$ $|\phi(1^{n})-x|\leq 2^{-n}$ $\phi(1^{n})\in\{m/2^{n} ; m\in \mathrm{Z}\}$
CTM $T$ $\phi$ .
$P\mathrm{R}$ .
$P\mathrm{C}$ . , $\mathcal{R}=2\pi\sum_{i=1}^{\infty}2^{-2^{i}}$ .
.
7.2 [4] \theta \in $[0,2\pi],$ $\epsilon>0$ $|kR-\theta|$ (mod $2\pi$) $\leq\epsilon$ $k\leq O(1/\epsilon^{2})$
. \theta , $\epsilon\in P\mathrm{R}$ 3 $k$
CTM .
7.2 $\mathcal{G}_{\mathcal{R}}=\{R_{1,\mathcal{R}}, R_{2,\mathcal{R}}, R_{3,\mathcal{R}}, M_{2}(N)|\mathcal{R}=2\pi\sum_{i=1}^{\infty}2^{-2^{i}}\}$ $\mathcal{G}_{u}$ 1





, $n$ , $n$ ,
. . $\mathcal{G}$ . $\mathcal{G}$
$n$ If , 2 $(G_{i}, P_{i})$ $(G_{1}, P_{1}),$ $\ldots,$ $(G_{m}, P_{m})$
.
(1) $G_{i}$ $\mathcal{G}$ ni $(\leq n)$ .
(2) $P_{i}$ $\Lambda^{(n)}$ .
$G_{i}$ $j$ , $P_{i}\mathrm{O}$ ) . $I\dot{\iota}’$ $G_{1},$ $\ldots,$ $G_{m}$
. $m$ $I\mathrm{t}’$ $\mathcal{G}$ .
$\mathrm{u}$- , $\mathcal{G}n$ . $U_{1}\cdots U_{m},$ $(U_{i}=$
$V_{P}^{\uparrow}.\tilde{G}_{i}V_{P}.\cdot,$
$G_{i}\in \mathcal{G})$ $I\zeta$ $n$ , $G_{K}$ .
$G_{K}$ $\mathcal{G}$ If $\mathcal{G}$ . $I\acute{\mathrm{e}}_{1}=(G_{1}^{(1)}, P_{1}^{(1)}))\ldots,$ $(G_{m}^{(1)}, P_{m}^{(1)})$
$I\mathrm{t}_{2}’=(G_{1}^{(2)}, P_{1}^{(2)}),$
$\ldots,$
$(G_{l}^{(2)}, P_{l}^{(2)})$ $\mathcal{G}$ $n$ , $I\mathrm{f}_{1}+I\dot{\iota}_{2}’=$
$(G_{1}^{(1)}, P_{1}^{(1)}),$
$\ldots,$




, $nI\mathrm{f}_{1}=\underline{I\mathrm{t}_{1}’+\cdots+I\{^{r_{1}}}$ $n$ $I\iota_{1}^{\nearrow}$ .
, $k$ $m$ . $k$ $m$ $n$ ,
$n$ ( $n$ ) $k$
$n-k$ – , , $m$
, $m$ .
3 $\theta$ , $\theta$ CTM $T_{\theta}$
\epsilon 0 .
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, $k$ $m$ $n$ $\mathrm{K}$ , 4 $(K, \Lambda_{1}, \Lambda_{2}, S)$
.
(1) If $n$ .
(2) $\Lambda_{1}$ , A2 $\Lambda^{(n)}$ $|\Lambda_{1}|=k,$ $|\Lambda_{2}|=m$ .
(3) $S$ $\Lambda^{(n)}\backslash \Lambda_{1}$ . , $S=\{b_{j}| j\in\Lambda^{(n)}\backslash \Lambda_{1}\}(b_{j}\in\{0,1\})$ .
$\mathrm{K}=$ ( $IC,$ $\Lambda_{1}$ , A2, $S$) $k$ $m$ $n$ , $\Lambda_{1}=\{j_{1)}\ldots, j_{k}\},$ $\Lambda_{2}=\{i_{1}, \ldots, i_{m}\}$
. $k$ $x_{1}\cdots x_{k}$ , $u_{j_{1}}=x_{1},$ $\ldots,$ $u_{j_{k}}=x_{k}$ , $j\in\Lambda^{(n)}\backslash \Lambda_{1}$ , $u_{j}=b_{j}\in S$
, $n$ $u_{1}\cdots u_{n}$ . $u_{1}\cdots u_{n}$ $G_{K}$ $\phi$ , $\phi$
$\hat{n}_{i_{1}},$ $\ldots,\hat{n}_{i_{m}}$ , $\dot{y}_{1)}\ldots$ , $y_{m}$ , $y_{1}\cdots.y_{m}$
$x_{1}\cdots x_{k}$
$\mathrm{K}$ . $x$ $\text{ }$ , $y=y_{1}\cdots y_{m}$
$\rho^{K}(y|x)$ .
$\rho^{K}(y|x)=\langle u_{1}\cdots u_{n}|c_{K}\dagger_{E_{i_{1}}(y_{1})\cdot\cdot E_{i_{m}}(y_{m})G_{K}},|u_{1}\cdot$ , $.u_{n}\rangle$
, $E_{i_{\mathrm{p}}}(y_{p})$ $\hat{n}_{i}$ , $y_{\mathrm{p}}$ . $\mathrm{K}$ $x=x_{i_{1}}\cdots x_{i_{k}}\in\{0,1\}^{k}$
$\{0,1\}^{m}$ $\rho^{K}(x)$ . $\rho^{K}(x)$ $\mathrm{K}$
. , $\mathrm{K}$ If – .
$e$ : $\Sigmaarrow\{0,1\}^{l_{0}}(l_{0}=\lceil\log|\Sigma|\rceil)$ , $d:\{0,1\}^{l_{0}}arrow\Sigma$ $d\cdot e=\mathrm{i}\mathrm{d}|_{\Sigma\backslash \{B\}}$ $d(x)=B(x\not\in$
$\mathrm{r}\mathrm{a}\mathrm{n}\mathrm{g}\mathrm{e}(e))$ \Sigma - $x=x_{1},$ . $.x_{k}$ $z=z_{1}\cdots z_{k}(z_{i}\in\{0,1\}^{l_{0}})$
$e_{k}(x_{1}\cdots x_{k})=e(x_{1})\cdots e(x_{k})$ , $d_{k}(z_{1}\cdots z_{k})=d(z_{1})\cdots d(z_{k})$ . ( $kl_{0}$ $(t+l+\sim 1)l_{0}$
) $K$ QTM $M=(Q, \Sigma, \delta)$ ( $e$ , $d$ ) $\epsilon$ $rightarrow$ , t)-
($\epsilon=0$ , $(k,$ $t)-$ ) , $k$ \Sigma - $x$ , $M$ $x$
$t$ $-t$ $t= \max(t, k)\sim$ If
$e_{k}(x)$ $z$ $d_{t+\overline{t}+1}(z)$ TVD 4 $\epsilon$ ,
$\sum_{y\in\Sigma 2+\overline{\mathrm{c}}+1}|\rho_{t}^{M}(y|x)-\tilde{\rho}^{K}(y|x)|\leq\epsilon$
$kl_{0}$ $(t+t+\sim 1)l_{0}$ $I\acute{\iota}$ . ,
$\overline{\rho}^{K}(y|x)$ $=$
$\sum_{z_{-*}\cdots z_{f}\in d_{\mathrm{t}+\overline{|}+1}^{-1}(y)}\rho^{K}(z_{-t}\cdots z_{t^{\sim}}|e_{k}(x))$
$\rho_{t}^{M}(y|x)$ $=$ $\langle q_{0},$ $T_{in},$ $0|M_{\delta}^{t\uparrow}E_{-t}(y_{-t})\cdots E_{\overline{t}}(y_{\overline{t}})M_{\text{\’{o}}}^{t}.|q_{0},$$T_{in},$ $0\rangle$ , $(T_{in}\sim x)$
. , $i$ $y_{i}\in\Sigma\backslash B$ $\lambda_{i}$ , $E_{i}(y_{i})$ \mbox{\boldmath $\lambda$}i
.
Yao [17] QTM $M$ , $x$ , $t$ , $M$ $(|x|, t)$- $K$ ( $M$ , , $t$ )
, “ ’) (“ ” Deustch [7] ) $t$
. Yao —-7 QTM
. “ )’ u-
.
7.3 $M=(Q, \Sigma, \delta)$ QTM, $t>k$ , $M$ $(k,t)$- $\mathrm{u}$- $O(t^{2})$
.
$l=O(2+\lceil\log(|Q|+1)\rceil+\lceil\log|\Sigma|\rceil)$ QTM $M$ $(k,t)- \text{ }$ $I\zeta_{Q}$
$G_{Kg}$ $(2t+4)l$ . $l$
4 $D,$ $\mathcal{D}’$ (TVD) , $\sum_{1\in I}.|D-D’|$ TVD Euclid ,
Euclid \epsilon TVD $4\epsilon$ [4].
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. $jl+1,$ $\ldots,$ $jl+l(0\leq j\leq 2t)$ $M$ $j-t$ ,
$IC_{\mathcal{G}}$ $j-t$ . $K_{\mathcal{G}}$ $i(-t\leq i\leq t)$
$\{|q_{i}a_{i}s_{i}b_{i}\rangle\}$ , $q_{i}a_{i}s_{i}b_{i}\in\{0,1\}^{1}$
Hilbert ( $b_{i}$ – ,
) . $q_{i}$ $M$ $i$ t $M$ , $i$
$\emptyset=0^{\lceil\log(|Q|+1)\rceil}$ $\lceil\log(|Q|+1)\rceil$ , $a_{i}l\mathrm{h}M$ $i$ $\mathrm{p}\mathrm{o}\mathrm{g}|\Sigma|\rceil$ ,
$s_{i}$ $M$ $i$ 1 2, $0$ 2 .
$(2t+1)l+1,$ $\ldots,$ $(2t+4)l$ $3l$ $M$ ,
$|^{arrow}.l$ $L,$ $N,$ $R$ , $2t+2,2t+3,2t+4$
.
$K_{\mathcal{G}}$ $G_{1},$ $G_{2},$ $G_{3}$ . $p,$ $q,$ $\ldots$ $Q$ ,
$\sigma,$ $\tau,$ $\ldots$
$\Sigma$ . $G_{1}$ $4l$ :
$G_{1}|p\sigma 1;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle=|\emptyset B2;\emptyset B\mathrm{O};p\sigma 1;\emptyset B\mathrm{O}\rangle$ , $G_{1}|\emptyset B0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle=|\emptyset B0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$ .
$G_{2}$ (A) $3l$ :(A)
$|w_{p,\sigma}\rangle$ $=$ $|\emptyset B0;p\sigma 1;\emptyset B0\rangle$ ,
$|v_{p,\sigma}\rangle$ $=$
$\sum_{q,\tau}\delta(p, \sigma, q, \tau, -1)|qB2;\emptyset\tau 0;\emptyset B0)+\sum_{q,\tau}\delta(p, \sigma, q, \tau, 0)|\emptyset B0;q\tau 2;\emptyset B0)$
$+ \sum_{q,\tau}\delta(p, \sigma, q, \tau, 1)|\emptyset B0;\emptyset B0;q\tau 2)$
$G_{2}|w_{p,\sigma}\rangle$ $=|v_{p,\sigma}\rangle$ . $G_{3}$ $6l$ :
$(a)G_{3}|\emptyset\sigma_{1}0;\emptyset B2;\emptyset\sigma_{2}0;qB2;\emptyset\tau 0;\emptyset B\mathrm{O}\rangle=|q\sigma_{1}1;\emptyset\tau 0;\emptyset\sigma_{2}0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
$(b)G_{3}|\emptyset\sigma_{1}0;\emptyset B2;\emptyset\sigma_{2}0;\emptyset B\mathrm{O};q\tau 2;\emptyset B\mathrm{O}\rangle=|\emptyset\sigma_{1}0;q\tau 1;\emptyset\sigma_{2}0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
$(c)G_{3}|\emptyset\sigma_{1}0;\emptyset B2;\emptyset\sigma_{2}0,$ $\emptyset B\mathrm{O};\emptyset\tau 0;qB2\rangle=|\emptyset\sigma_{1}0;\emptyset\tau 0\cdot,$ $q\sigma_{2}1;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
$(d)G_{3}|\phi\rangle=|\phi\rangle$
, $|\phi$) 9 .
(1) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset B2;qB2;\emptyset\tau 0;\emptyset B\mathrm{O}\rangle$ , (2) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset B2;\emptyset B\mathrm{O};q\tau 2;\emptyset B\mathrm{O})$
(3) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset B2;\emptyset B\mathrm{O};\emptyset\tau 0;qB2\rangle$ , (4) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset\sigma_{3}0;qB2;\emptyset\tau 0;\emptyset B\mathrm{O})$
(5) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0,$ $\emptyset\sigma_{3}0;\emptyset B\mathrm{O};q\tau 2;\emptyset B\mathrm{O}\rangle$ , (6) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset\sigma_{3}0;\emptyset B\mathrm{O};\emptyset\tau 0;qB2\rangle$
(7) $|q\tau 1;\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$ , (8) $|\emptyset\sigma_{1}0;q\tau 1;\emptyset\sigma_{2}0;\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O})$
(9) $|\emptyset\sigma_{1}0;\emptyset\sigma_{2}0;\emptyset\sigma_{3}0;\emptyset B0;\emptyset B0;\emptyset B0)$
, $K_{\mathcal{G}}$ $\mathcal{G}=\{G_{1}, G_{2}, G_{3}\}$ , . , $ml$
$G(m=1,2, \ldots, 2t+4)$ $i_{1},$ $\ldots,$ $i_{m}(i_{1}<\cdots<i_{m})$ , $G$ $(j-1)l+k$
$(j=1, \ldots, m, k=1, \ldots, l)$ $(i_{j}+t)l+k$ : $2t+1$ {
$G_{1}$ . $j$ $(1 \leq j\leq 2t+1)$ $G_{1}$ $j-t-1,$ $L,$ $N,$ $R$ .
$2t+1$ $G_{1}$ $(2t+4)l$ $I\mathrm{f}_{1}$ . $G_{2}$ $L,$ $N,$ $R$
. $G_{2}$ $(2t+4)l$ $I\zeta_{2}$ . $2t-1$ $G_{3}$
. $j$ $(1 \leq j\leq 2t-1)$ $G_{3}$ $j-t-1,$ $j-t,$ $j-t+1,$ $L,$ $N,$ $R$ .
$2t-1$ $G_{3}$ $(2\mathrm{t}+4)l$ $K_{3}$ . $K_{\mathcal{G}}=t(K_{1}+K_{2}+\mathrm{A}_{3}^{\nearrow})$
. $IC_{1}+I\iota_{2}^{\nearrow}+IC_{3}$ 2 , $M$ 1
$G_{1)}G_{2},$ $G_{3}$ .
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$2$ : $\mathcal{G}$ 9\copyright $\Lambda_{1}+\Lambda_{2}+\mathrm{A}_{3}$
, $t’$ $(0\leq t’<t)$ $M$ $|p,$ $T,$ $i$) $;T(i)=\sigma$ , $t’+1$ $K_{1}+K_{2}+K_{3}$
,
$|\emptyset T(-t)0;\cdots$ ; $\emptyset T(i-1)0;pT(i)\mathrm{r};\emptyset T(i+1)0;\cdots$ ; $\emptyset T(t)\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
, $G_{1}$ $G_{K_{1}}$
$|\emptyset T(-t)0;\cdots$ ; $\emptyset T(i-1)0;\emptyset B2;\emptyset T(i+1)0$ ; . . . ; $\emptyset T(t)\mathrm{O};\emptyset B\mathrm{O};pT(i)1;\emptyset B\mathrm{O})$
. $G_{2}$ $G_{K_{2}}$ ,
$|\emptyset T(-t)0;\cdots$ ; $\emptyset T(i-1)0;\emptyset B2;\emptyset T(i+1)0;\cdots$ ; $\emptyset T(t)0\rangle\otimes|v_{p,\sigma}\rangle$
. $I1’2$ $L,$ $N,$ $R$ $M$ “ $\delta(p, \sigma, q, \tau, d)$
$\sigma$ \tau , $P$ $q$ , $d$ ”
. $G_{3}$ $G_{K_{2}}$ $G_{K_{3}}$ ,
$\sum_{q,\tau}\delta(p, \sigma, q, \tau, -1)|\emptyset T(-t)0;\cdots$ ; $qT(i-1)1;\emptyset\tau 0;\emptyset T(i+1)0;\cdots$ ; $\emptyset T(t)\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
$+ \sum_{q,\tau}\delta(p, \sigma, q, \tau, \mathrm{O})|\emptyset T(-t)0;\cdots$ ; $\emptyset T(i-1)0;q\tau 1;\emptyset T(i+1)0;\cdots$ ; $\emptyset T(t)\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O})$
$+ \sum_{q,\tau}\delta(p, \sigma, q, \tau, 1)|\emptyset T(-t)0;\cdots$ ; $\emptyset T(i-1)0,$ $\emptyset\tau 0;qT(i+1)1;\cdots$ ; $\emptyset T(t)\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O};\emptyset B\mathrm{O}\rangle$
. $I\zeta_{1}+K_{2}+\mathrm{A}_{3}’$ , ($‘ t’$ $i$ , $i$
$\sigma$ , $P$ $M$ $\delta(p, \sigma, q, \tau, d)$ $i+$ , $i$
$\tau$ , $q$ ” $K_{\mathcal{G}}$ $i,$ $i+d$
.
$G_{1},$ $G_{2},$ $G_{3}$ 71 $\mathcal{G}_{u}$ ( $t$ )
$\mathrm{u}$- , $G_{1},$ $G_{2},$ $G_{3}$ $\mathcal{G}_{u}$ $4l$
$I5\mathrm{i}_{u,1},3l$ $I\iota_{u,2}^{\nearrow}$ , $6l$ $I1_{u,3}’$ . u-
$O(2t+1))O(1),$ $O(2t-1)$ , $G_{K_{1}},$ $G_{K_{2}},$ $G_{K_{3}}$ (2t+4)




– Shor [16], Ekert Jozsa [9] ,
– .
$\mathcal{G}n$ , – .
$\mathcal{G}=\{G_{1}, \ldots, G_{l}\}$ ( $G_{i}$ $n_{i}$ )
. $\mathcal{G}$ $I\acute{\mathrm{t}}$ , $I\mathrm{l}’=$
$(G_{i}, , P_{1}),$
$\ldots,$
$(G_{i_{m}}, P_{m})$ , $c(I\mathrm{f})$ $l\mathrm{h}\backslash$ ’ $\langle(i_{1}, P_{1}(1), \ldots, P_{1}(n_{i_{1}})\rangle,$ $\ldots$ ,
$(i_{m}, P_{m}(1),$
$\ldots,$
$P_{m}(n_{i_{m}})\rangle)$ . $\mathcal{G}_{\mathcal{R}}$ $R_{1,R},$ $R_{2,\mathcal{R}},$ $R_{3,\mathcal{R}},$ $M_{2}(N)$ 1, 2, 3, 4
G $I\mathrm{t}’$ $c(I\acute{\mathrm{t}})$ .
, Il’ $G_{K}$ , 71 $\mathcal{G}_{u}$ ,
$\mathcal{G}_{u}$ ( ) . $\mathcal{G}_{u}$
$s$ $n$ $K=(G_{1}, P_{1}),$
$\ldots,$
$(G_{s}, P_{s})$ $\epsilon$- , $IC$ 1
$R_{j,\theta}(j=1,2,3)$ , $||R_{j,\theta}-R_{j,\mathcal{R}}^{m}||\leq\epsilon/s$ $m=m_{j,\theta}$ , $R_{j,\theta}$ $m$ 1
$R_{j,\mathcal{R}}$ , $\mathcal{G}_{\mathcal{R}}$ ,
$I1_{\epsilon}’$ . , $K=(G_{1}, P_{1}),$ $\ldots,$ $(G_{i}, P_{i}),$ $\ldots,$ $(G_{l)}P_{l})$ 1
$G_{i}$ $m$ 1 $G_{i}’$ ,
$(G_{1}, P_{1}),$
$\ldots,$ $\underline{(G_{i}’,P_{i}),\ldots,(G_{i)}’P_{i})},$ $\ldots,$
$(G_{l}, P_{l})$ . $K$ $\epsilon$ $I\dot{\iota}_{\epsilon}’$
$m$
$c(I\acute{\mathrm{t}}_{\epsilon})$ . $I\acute{\mathrm{t}}_{\epsilon}-$ .
$\mathcal{G}=\{G_{1}, \ldots, G_{l}\}$ $k$ $m$ $n$ $\mathrm{K}=$ ( $I\zeta,$ $\Lambda_{1}$ , A2, $S$ )




$\langle i_{n-k}, b_{i_{\mathfrak{n}-k}}\rangle,$ $c(K),j_{1},$ $\ldots,j_{m}\rangle$
, $n$ ( $f(n)$ $g(n)$ ) $\mathrm{K}_{n}$ $\mathcal{K}=\{\mathrm{K}_{n}\}_{n\geq}\iota$
, $\mathrm{K}_{n}\text{ }.\mathcal{G}$ , $\mathcal{K}$ $\mathcal{G}$ . . $\mathrm{K}_{n}$ $\mathcal{G}$
$s$ $s(n)$ , $\mathcal{K}$ $\mathcal{G}$ $s$
, $s$ $\mathcal{G}$ . $\mathcal{G}=\mathcal{G}_{u}$ $\mathcal{K}$
u- , $\mathcal{G}=\mathcal{G}n$ . $\mathcal{K}=\{\mathrm{K}_{n}\}_{n\geq 1}$ $\mathcal{G}_{u}$
$s$ . $\mathrm{K}_{n}=$ ( $\mathrm{A}_{n}’,$ $\Lambda_{1}$ , A2, $S$ ) $\epsilon$
$n$ $\mathrm{K}_{n,\epsilon}=$ ( $(IC_{n})_{\epsilon},$ $\Lambda_{1}$ , A2, $S$ ) $c(\mathrm{K}_{n,\epsilon})$ , $\overline{\mathrm{K}}_{n,\epsilon}$
. $\mathrm{K}_{n,\epsilon}$ $\mathrm{K}$ $\epsilon$- . $(K_{n})_{\epsilon}$ $I1_{n,\epsilon}’$ . $c:(1^{n}, \epsilon)arrow\overline{\mathrm{K}}_{n,\epsilon}$
Poly$(s(n)\log 1/\epsilon)$ CTM $\mathcal{K}$ – .
$\mathcal{G}_{u}$ – .
$B\subseteq \mathcal{G}_{u}$ $\{R_{1}, \cdots, R_{k}, R_{k+1}\},$ $(R_{k+1}=M_{2}(N))$ . $B$
$s$ $\mathcal{K}=\{\mathrm{K}_{n}\}_{n\geq 1}$ , $c$ : $1\mathrm{n}arrow c(\mathrm{K}_{n})$ Poly$(s(n))$
CTM $\mathcal{K}$ .
$s$ – $\mathcal{K}$ , \epsilon $\mathrm{K}_{n}\in \mathcal{K}$ $||G_{K_{n}}-G_{K_{\mathfrak{n},\epsilon}}||\leq\epsilon$
, $K_{n}$ $\epsilon$ Poly $(s(n)\log 1/\epsilon)$ .
$\{\mathrm{K}_{n,\epsilon}\}_{n\geq 1}$ – . $\{\mathrm{K}_{n,\epsilon}\}_{n\geq 1}$ $\mathcal{K}$ \epsilon -
, $\mathcal{K}_{\epsilon}$ . , $R_{n}’$ $\mathrm{K}_{n}$ – .
$\mathrm{u}$- $\mathcal{K}=\{I\acute{\mathrm{t}}_{n}\}_{n\geq 1}$ 3 4
( 3 $I\zeta_{4}$ ) . $A=R_{\pi/4}$ , $B_{k}$ $\mathcal{G}_{u}$ , 4 $I\acute{\mathrm{t}}_{B}$
, 2 : $x,$ $y\in\{0,1\}$ , $B_{k}|xy\rangle$ $= \exp(\frac{2x\cdot y\pi i}{2^{k}})|xy\rangle$ .
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, $R_{1}=R_{2,-\pi/2^{k+2}},$ $R_{2}=R_{3,\pi/2^{k+2}},$ $R_{3}=R_{2,-\pi/2^{k+1}}$ , $\ =R_{3,\pi/2^{k+1}},$ $R_{5}=R_{3,\pi/2^{k}}$
$1^{n},$ $\epsilon>0$ , $I\iota_{n}^{\nearrow}$ $\epsilon$ .
(1) $||A-R_{1,\mathcal{R}}^{m}||\leq\epsilon/s(n)$ $m$ 72 . , $s(n) \leq n+9\cross\frac{1}{2}n(n-1)$
$I\zeta_{n}$ $\mathcal{G}_{u}$ .
(2) $k=1$ $n$ , $||R_{i}-R_{a(i),\mathcal{R}}^{m(k,i)}||\leq\epsilon/s(n)$ $m(k, i)(i=1\sim 5)$ . ,
$a(i)=2(i=1,3)\rangle 3(i=2,4,5)$ .
(3) 3 4 $R_{n}’$ , (1),(2)
$m$ $m(k,$ $\ovalbox{\tt\small REJECT}$ $A$ $B_{k}$ $m$ $R_{1,\mathcal{R}}$ $m(k,$ $\ovalbox{\tt\small REJECT}$ $R_{a(i),R}$
, $I\mathrm{t}_{n,\epsilon}’$ .




. [14] . QTM ,
QTM $M$ $P$ $x\in\{0,1\}^{*}$ ( ) , $x$ $M$ $P$ $x1(x)$
. $M$ $P$ $L$ , $x\in\{0,1\}^{*}$ $x\in L$
$P$ $M$ $x$ ) $x\not\in L$ $P$ $M$ $x$ , .
[4] $BQP$ . , $0<\eta\leq 1/2$
. $A\subseteq \mathrm{C}$ , $L$ $BQP[A]$ ,
range$(\delta)$ $A$ , $L$ $1/2+\eta$ QTM $M=(Q, \Sigma, \delta)$
. $BQP[P\mathrm{C}]$ $BQP$ $1/2+\eta$
$M$ , 1 [5].
. $n$ 1 $IC$
, $x\in\{0,1\}^{n}$ 1 $p_{x}=\rho^{K}(1|x)$ . $p_{x}=p$
, $I\{’$ $P$ $x$ ( l-p $x$ ) . $x\in\{0,1\}^{n}$
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$x\in L_{n}$ , $I\backslash ^{\nearrow}$ $P$ $x$ , $x\not\in L_{n}$ , If $1-p$ $x$
, If $L_{n}$ $P$ .
, . ,
$L$ $L_{n}=L\cap\{0,1\}^{n}$ . $\mathcal{K}=\{I\{_{n}’\}_{n\geq 1}$ ( $1/2+\eta$
) $L$ , $n$ $K_{n}$ $1/2+\eta$ $L_{n}$
. $L$ , $L$
$\mathcal{K}=\{I\mathrm{f}_{n}\}_{n\geq 1}$ . $\mathcal{K}$ , $L$
. $L$ u- , $L$ u-
$\mathcal{K}=\{K_{n}\}_{n\geq 1}$ . $\mathcal{K}$ , $L$ u-
. , $L$ , $\mathrm{u}$- $\dot{\mathcal{K}}=\{I\iota_{n}’\}_{n\geq 1}$
– , $L$ – u- .
.
8.1 (1) $L$ $\Leftrightarrow L$ u-
(2) $L$ \Leftrightarrow L – u-
(1) (2) (2) .
$(\Rightarrow)$ $n$ , $L_{n}$ $1/2+\eta$ $\mathcal{G}n$ $p(n)(p$
) $K_{n}$ , $1\mathrm{n}arrow c(K_{n})$ CTM $M_{0}$
. $\mathcal{K}=\{IC_{n}\}_{n\geq 1}$ $L$ $\mathcal{G}_{u}$ , $I\zeta_{n,\epsilon}=IC_{n}$ ,
$(1^{n}, \epsilon)arrow\overline{K}_{n,\epsilon}=c(K_{n})$ CTM $M_{0}$ .
$(\Leftarrow)$ $n$ , $L_{n}$ $1/2+\eta$ $\mathcal{G}_{u}$ u-
$p(n)$ ( $p$ ) $I\zeta_{n}$ , $(1^{n}, \epsilon)arrow I\mathrm{f}_{n,\epsilon}$ Poly$(n\log 1/\epsilon)$
CTM $M_{0}$ $\mathrm{A}_{n,\epsilon}^{\nearrow}$ $x\in L$ $R_{n,\epsilon}’$ $1/2+(\eta-\epsilon)$
$L$ , $x$ $\not\in L$ $1/2-(\eta-\epsilon)$ $L$ . $\epsilon<\eta/2$
$\epsilon$ , $\mathcal{K}_{\epsilon}=\{I1_{n,\epsilon}’\}_{n\geq 1}$ $L$ $\mathcal{G}_{\mathcal{R}}$ , $1^{n}arrow c(I\iota_{n,\epsilon}^{\nearrow})$
Poly$(n)$ CTM $M_{0}$ $K_{n,\epsilon}$ . $I\mathrm{f}_{n}$
1 – $\mathfrak{l}^{\mathrm{s}}R_{j,\theta}(j=1,2,3, \theta\in[0,2\pi])$ $||R_{j,\theta}-R_{j,\mathcal{R}}^{m}||\leq\epsilon/p(n)$
$m$ , 72 $O(p^{2}(n)/\epsilon^{2})$ , $\epsilon\leq\eta/2$ $\epsilon$ , $I\mathrm{f}_{n,\epsilon}$
$O(p^{2}(n)/(_{2}^{\mathit{1}})^{2})\cross p(n)=O(p^{3}(n))$ . $L$ . Q.E.$D$
Turing , .
CTM – [14].
82 $L\in P\Leftrightarrow L$ – .
QTM .
8.3 $L\in BQP\Leftrightarrow L$ – u- .
$(\Rightarrow)L\in BQP$ $L$ $1/2+\eta$ $p(n)$ QTM $M=(Q, \{0,1\}, \delta)$
( $p$ ) 5 . $M$ 73 $\mathrm{u}$- $O(p^{2}(n))$
$K_{n}$ $(n,p(n))$- . 73 $I\mathrm{f}_{n}$ $n$ ,
range$(\delta)\subseteq P\mathrm{C}$ 7.2 $(1^{n}, \epsilon)$ , $I\mathrm{f}_{n}$ $\epsilon$ $\overline{I}\mathrm{f}_{n,\epsilon}$
$n$ $\log 1/\epsilon$ CTM $M_{0}$ $\mathcal{K}=\{I\mathrm{f}_{n}\}_{n\geq 1}$ – .
$L$ – u- .
$(\Leftarrow)$ 81 $L$ , . $L_{n}$
5 – QTM $M=(Q, \Sigma, \delta)$ $\{0,1\}$ – QTM $M’=(Q’, \{0,1\}, \mathit{5}’)$
. 5 QTM – QTM , $L$ $1/2+\eta$
QTM , $\{0,1\}$ . $B$
$0$ .
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G $I\mathrm{f}_{n}$ , $p(n)$ ( $p$ ) . ,
$1\mathrm{n}arrow c(I\mathrm{f}_{n})$ CTM $M_{0}$ . , $G_{K_{n}}$ SNQTM
$M=(Q, \Sigma, \delta)$
.
, $n$ $x$ , $c(I\backslash _{n}^{\nearrow})$ , $(x, c(K_{n}))$
$G_{K_{n}}$ QTM , $1/2+\eta$
$L$ , QTM $M$ $n$ $U$ , $|q_{0},$ $T,$ $0$ ),
$T\sim(x, c(U))$ ( $=n$) , $M$
$\sum_{1}$
.
ci $|q_{f},$ $T_{i},$ $0\rangle$ ) $T_{i}\sim(y_{i}, c(U))\mathrm{s}\mathrm{u}\mathrm{c}\mathrm{h}$ that $\sum_{i}$ ci $|y_{i}\rangle$ $=U|x\rangle$
. , $c(U)$ $U$ . $n$ $G_{K_{\mathrm{n}}}$ , range $(\delta)\subseteq$
$P\mathrm{C}$ $M$ .
$M$ 3 QTM $(x, c(I\zeta_{n}))$ . $M$ $G_{K_{\text{ }}}$ .
(1) $l=1$ $p(n)$ (2) $\sim(3)$ . , (3) (3.1),(3.2) .
(2) 2 , $c(I\mathrm{f}_{n})$ $l$ ( $k,$ $i\rangle$ ( $\langle k,$ $i,$ $j\rangle$ ) . ,
$k$ $I\mathrm{t}_{n}’$ $l$ $\mathcal{G}_{\mathcal{R}}$ , $i$ ( $j$ ) .
(3.1) $k=4$ (a) 1 $x$ $i,j$ $x_{i},$ $x_{j}$ 3 0,1
, – 1 $x_{i}$ , $s_{1},$ $s_{2}$ . (b) 3
$M_{2}(N)$ . (c) , $x_{i},$ $y_{j}$ $s_{1},$ $s_{2}$
– 3 .
(3.2) $k=1,2,3$ (a) $x$ $i$ $x_{i}$ 3 $0$ , – $x_{i}$
$s$ . (b) 3 $R_{k,\mathcal{R}}$ . (c)
$y_{i}$ 1 $s$ – , 3 .
(3.1) , (a) , SNRTM M .
(c) M , SNRTM M (b)
2 SNQTM $M_{4,m}=(\{q0, q_{1}, q_{f}\}, \{0,1, B\}, \delta_{m}6)(m=0,1)$
$\delta_{m}(q_{0},0, q_{1},0, -1)=\delta_{m}(q_{0},1, q_{1},1, -1)=1-m$ ,
$\delta_{m}(q_{0},0, q_{1},1, -1)=\delta_{m}(q_{0},1, q_{1},0, -1)=m$ , $\delta_{m}(q_{1}, B, q_{f}, B, 1)=1$
, (b) SNQTM $M_{b}$ . $\delta_{m}$ 3.1
. $M_{\text{ }},$ $M_{b}$ , M , (3.1) SNQTM . (3.2)
. (3.1),(3.2) SNQTM , (2)
SNRTM . $k$ (2) , (3.1),(3.2)
SNQTM $M’$ $M’$
$p(n)$ SNQTM , $M$ . $M$ $\mathcal{R}$
$P\mathrm{C}$ . $G_{l}$ (3) , SNQTM $M$ $G_{K_{n}}$
. $M$ $l$ $O(|x|+|c(IC_{n})|)=O(p(n)\log n)$ $n=$
. Q.E. $D$
, $\mathcal{G}_{u}$ , 2
.
8.4 [13] $L\in BQP[\mathrm{C}]\Leftrightarrow L$ u- .
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